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Abstract 
The environmental fate of selected persistent organic pollutants (POPs) in the North Sea system is modelled with a 
high resolution Fate and Transport Ocean Model (FANTOM) that uses hydrodynamic model output from the 
Hamburg Shelf Ocean Model (HAMSOM). Large amounts of POPs enter the North Sea from the surrounding highly 
populated, industrialised and agricultural countries. Major pathways to the North Sea are atmospheric deposition and 
river inputs, with additional contributions coming from bottom sediments and adjacent seas. The model domain 
covers the entire North Sea region, extending northward as far as the Shetland Islands, and includes adjacent basins 
such as the Skagerrak, Kattegat, and the westernmost part of the Baltic Sea. Model resolution (for both models) is 1.5' 
latitude x 2.5' longitude (approximately 3 km horizontal resolution) with 30 vertical levels. The POP model also has 
20 sediment layers. Important model processes controlling the fate of POPs in the North Sea system are discussed. 
Results focus on Lindane ( - HCH or -hexachlorocyclohexane) and PCB 153. 
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1. Introduction 
The environmental fate of selected persistent organic pollutants (POPs) in the North Sea system are 
modelled with a high resolution Fate and Transport Ocean Model (FANTOM). POPs are harmful to the 
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ocean's ecosystems, human health and the environment. Their fate in the oceans is not yet completely 
understood, though oceans are generally considered to act as ultimate sinks for POPs. Large amounts of 
POPs enter the North Sea system from surrounding highly populated, industrialised and agricultural 
countries. Major entrance pathways of POPs to the North Sea are through atmospheric deposition and 
river inputs, with additional contributions coming from bottom sediments and adjacent seas, including the 
North Atlantic Ocean, the English Channel and the Baltic Sea. Atmospheric input of POPS to the 
FANTOM model is provided by data from the atmospheric model of the Meteorological Synthesizing 
Centre-East (msc-e), European Monitoring and Evaluation Programme (EMEP, Gusev et al. [1]). The 
model domain with topography and rivers discharging into the North Sea (in the model) are shown in 
Figure 1. 
The fate of POPs in the ocean depends on a wide range of processes (Figure 2) including mechanical 
processes, e.g., transformation with moving flows; chemical processes, e.g., chemical decay and phase 
change; physical processes, e.g., adsorption; and biological processes, e.g., pollutant accumulations and 
transport by biota. The FANTOM was developed by Ilyina et al. [2] to study these and other processes in 
the southern North Sea. This is an extension of their work to the entire North Sea system. The model is 
still evolving and the present version includes changes such as improved POPs atmospheric data and 
forcing data interpolation techniques. A 3-D hydrodynamic model is a necessary prerequisite tool for 
studying and fully accounting for the aforementioned processes affecting POPs. For this reason, a very 
high resolution version of the Hamburg Shelf Ocean Model (HAMSOM) has been developed for the 
North Sea Region at the Institut für Meereskunde, Universität Hamburg, see Pohlmann [3] for details. 
The model domain covers the entire North Sea basin, extending northward as far as the Shetland Islands, 
and includes adjacent basins such as the Skagerrak, Kattegat, and the westernmost part of the Baltic Sea 
(see Figure 1 above). Model resolution for both models is 1.5' latitude x 2.5' longitude (~ 3 km horizontal 
resolution) with 30 vertical levels. Additionally, the FANTOM has 20 sediment layers. 
 
Figure 1. Model domain with topography (metres). Point sources of freshwater and POPs discharge 
from rivers are indicated by red dots 
Kieran O’Driscoll et al. / Procedia Environmental Sciences 6 (2011) 169–179 171
 
 
 
         
 
Figure 2: Cartoon of POPs processes studied with the FANTOM and HAMSOM models (Ilyina et al. [2]). 
 
 
Figure 3. Flowchart of the (offline) coupled HAMSOM and FANTOM models (Ilyina et al. [2]). 
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2. FANTOM Model Description  
A brief outline of the FANTOM model is presented here. Figure 3 is a basic flowchart of the 
FANTOM and HAMSOM models. For further details see Ilyina et al. [2] and Ilyina [4].  
2.1. Transport with ocean currents.  
Evolution of the total concentration of the pollutant C at a fixed point is     calculated with a simple 
Eulerian, advective-diffusive model (1) with sources and sinks, Qc and Rc respectively, as follows:  
 
 
 
Examples of hydrodynamic variables used in equation (1) and calculated with the HAMSOM model 
are shown in Figure 4. Variables calculated in the HAMSOM required for use in the FANTOM are shown 
in Figure 3.  
2.2. Air-Sea exchange.   
The net flux of a pollutant to the sea surface from the atmosphere, Fsurf (ng m-2 s-1) is calculated as the 
net value of gaseous air-sea flux, Fa-w, dry particle deposition flux, Fdry , and wet deposition flux, Fwet (2):     
 
                                                                             (2) 
Atmospheric values of gaseous, dry particle and wet concentrations of  -HCH and PCB 153 have been 
interpolated from the EMEP atmospheric model grid, with horizontal resolution 50 x 50 km, onto the 
North Sea grid. Examples of atmospheric values for -HCH and PCB 153 used in FANTOM are shown in 
Figures 5 and 6, respectively.   
2.3. Phase distribution.   
POPs are either freely dissolved or bound to suspended particulate matter (SPM) in seawater. The 
organic carbon fraction of suspended particulate matter (SPM), particulate organic carbon (POC), is 
calculated and used as a sorbing matrix for POPs. The substance fraction bound back to POPs, fPOC, is 
calculated as (3): 
 
 
 
where the organic carbon-water equilibrium partition coefficient, KOC (l/kg), is compound specific and 
CPOC (kg/l) is the concentration of POC in solution. Since most POC in seawater is in particle form, it 
sinks to the bottom with sinking velocity vset (m/s), implying a downward settling flux of POPs with 
sinking particles, Fset ( gm-2s-1) (4): 
 
                                                                     (4)  
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2.4. Degradation in seawater.   
Combined abiotic and biotic degradation in seawater are represented by a 1st order rate decay 
coefficient, kdeg (s -1), where higher order kinetics have been neglected. Assuming that degradation is 
linearly dependent on the compound total concentration gives:  
               
(5) 
 
 
  
  
Figure 4. Examples of hydrodynamic variables calculated in the HAMSOM model for use in the FANTOM. Here are shown daily 
averaged surface values of (a) velocity with sea surface height (SSH); (b) salinity (SSS); and (c) and (d) temperature (SST); (a), (b) 
and (c) are for the 3rd of August 2003 and (d) is for the 31st of December 2003. 
(a) (b) 
(c) (d) 
Ck
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Figure 5. FANTOM atmospheric concentrations of  -HCH interpolated from the EMEP model. Gas concentrations (ng/m3) are 
shown on the left and dissolved concentrations in precipitation (ng/L) on the right. Values shown are for August 1995 (a) and (e), 
December 1995 (b) and (f), August 2000 (c) and (g), and December 2000 (d) and (h).   
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Figure 6. Same as Figure 5 but for PCB 153. Values for 1995 only are shown; August upper and December lower panels.            
3. Results 
3.1. HAMSOM    
Examples of results from the HAMSOM model are shown in Figure 4. The results are in very good 
agreement with observations and climatology. The surface circulation of the North Sea (Figure 4(a)) is 
generally cyclonic with a mean residence time on the order of 1 year (see, e.g., Pohlmann [4] and [5]). 
North Atlantic current water flows into the North Sea to the north and east of the Scottish coast, generally 
flushing the North Sea and leaving to the west of Norway and in the Norwegian Coastal Current. Weak 
inflows are contributed through the English Channel and the Baltic Sea. Figure 4(b), SSS, shows salty 
North Atlantic water with S ~ 35.0 in the north and south, fresh water in the east from the Baltic, and also 
the freshwater contribution from rivers. Figures 4 (c) and (d) show the seasonal change in SST from 
summer to winter conditions.    
3.2. FANTOM    
Examples of FANTOM model results are presented in Figure 7 for    -HCH and Figure 8 for PCB 153. 
Ocean surface concentrations (ng/L) are shown on the left and sediment concentrations (ng/g dry weight) 
are shown on the right.  -HCH results are shown for 1995 and 2000 and PCB 153 results are given for 
1995 only.    
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Figure 7. FANTOM concentrations of  -HCH at the ocean surface (ng/L), left, and in sediment (ng/g dry weight), right. Values 
shown are August 1995 (a) and (e), December 1995 (b) and (f), August 2000 (c) and (g), and December 2000 (d) and (h). 
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 -HCH:   Concentrations are greater in summer than winter for the ocean surface. This is partially due 
to increased atmospheric values and river input at this time. Surface ocean values close to river sources 
decreased somewhat from 1995 to 2000. Atmospheric values do not decrease noticeably between 1995 
and 2000 but there is a slight decrease in river input concentrations. Concentrations in sediments remain 
relatively constant over the five year period.  
PCB 153:   Sea surface concentrations are generally greatest throughout the region in December. 
Concentrations around British and German rivers are somewhat greater in December but are slightly 
greater in August around Dutch rivers. Concentrations in the Skagerrak region and along the Norwegian 
coast increase in December due to the cyclonic circulation pattern and flushing of the North Sea. The 
increase in surface waters concentrations in December seems to be due to the notable increase in 
concentrations of dissolved concentrations in precipitation (ng/L). There is a slight increase in sediment 
concentrations in December. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Same as Figure 7 but for PCB 153. Values for 1995 only are shown, August upper and December lower panels.     
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